The production of a hydrogen-rich synthesis gas from coal char and steam was investigated in a 12-in. diameter, continuous electrofluid reactor. The reactor has been operated at temperatures approaching 2000°F and using both single and three-phase ac power. Data on the gasification rate and the electrical characteristics of the system were taken and several different electrode materials were tested. A large part of the interelectrode resistance seemed to be due to contact resistance. Electrode life remains a problem.
Introduction
Synthesis gas containing various amounts of hydrogen and carbon monoxide may be processed directly to synthetic natural gas or liquid fuels, or may be used to hydrogasify coal to obtain methane. A process for producing a hydrogen-rich synthesis gas from coal char in an electrofluid reactor has been investigated at Iowa State University over the past several years. In this process the char is gasified with steam at high temperatures in a fluidized bed reactor which is heated by passing an electric current through the bed of conducting particles. The steam reacts with the carbon in the char to produce a gas containing hydrogen, carbon monoxide, and carbon dioxide, with the amounts of the individual components being dependent upon the operating conditions of the electrofluid reactor (Pulsifer and Wheelock, 1972) .
A basic understanding of the behavior of the electrofluid reactor is needed for its optimum design and application, and this is one of the objectives of the work at Iowa State University. To this end, experiments have been carried out in a 4-in. diameter batch reactor (Pulsifer, et al., 1969) , and preliminary results were obtained from operation of a 12-in. diameter continuous reactor (Beeson, et al., 1970) . Typical results of gasification runs and infor-mation on the electrical characteristics of the system when operating with single-phase power were presented for the 12-in. reactor. This system has been modified and experiments conducted using three-phase power. Results of this work are presented along with some observations on the operation of the system and a discussion of the current problem areas.
The literature concerned with the development, characterization, and application of the electrofluid reactor was reviewed previously as well as the literature dealing with gasification of carbonaceous materials (Pulsifer, et al., 1969) . The reviews of gasification by Von Fredersdorff and Elliott (1963) and Walker, et al. (1959) , are particularly noteworthy. Recent papers dealing with the electrical properties of fluidized carbon particles include those of Wheelock (1968, 1970) and Lee, et al. (1970) . Knowlton, et al. (1973) , have discussed methods of predicting the electrical resistance of fluidized beds.
Apparatus
The apparatus was a modification of that described by Beeson, et al. (1970) , and consisted of a reactor, equipment for continuously supplying and removing both gas and solids, a three-phase power supply, and a product gas analyzer ( Figure 1 ). The system was operated at atmospheric pressure.
A 12-in. diameter Norton Crystalon 63 silicon carbide tube insulated with Plibrico refractory cement and Fiberfrax bulk fiber served as the reactor (Figure 2 ). The tube was 24-in. long and had a l-in. thick wall. The tube and insulation were all contained in a steel shell.
The region above the Crystalon tube was modified so that it expanded from a diameter of 13 to 22 in. to reduce gas velocity and disentrain solids. The distance from the top of the Crystalon tube to the roof of the reaction chamber was 23 in. This tube cracked with prolonged usage and a thin stainless steel liner was installed inside of it.
The gas distributor consisted of eight 3.75-in. long tubes arranged radially around a central plenum chamber. The arms were constructed of 0.5-in. tubing and two 0.0625-in. holes were drilled in the underside of each arm. The space around the gas distributor was filled with 0.375-in. diameter alumina balls covered with a layer of Fiberfrax fiber and a 5-in. layer of 0.25-in. alumina balls. The product gases were removed from the reactor through four 1.5-in. diameter ports spaced 90° apart around the top of the reaction chamber.
A screw feeder at the top of the reactor was used to feed coal char. Solid residue was discharged from the bed into a detachable canister through a l-in. diameter overflow tube. Water was fed to the reactor through a calibrated, constant volume Zenith gear pump and was vaporized and superheated to about 1000°F before entering the reactor.
The off-gases from the reactor passed through a hot cyclone and were cooled in a series of heat exchangers where unconverted steam was condensed. The condensate was removed in a knockout drum and the gases were metered and vented to the atmosphere. Samples of the off-gas withdrawn after the knockout drum were analyzed in a gas chromatograph.
For the work reported here the reactor was operated with a three-phase power supply. Three electrodes were suspended from the top of the reactor and each was connected to a single phase of the power supply. A variable voltage transformer was used on each phase to control the power input to the reactor.
The reactor wall also was grounded so that current flow occured between electrodes and between the electrodes EJECTOR and the wall. Both stainless steel and silicon carbide electrodes were used. Alternating current was used in all of the runs. Chars derived from Bear, Colstrip, and Illinois No. 6 coals were used during the investigation. The chars were supplied by the FMC Corp. from its COED process (Jones, et al., 1966) . The properties of the chars are shown in Table I .
Results
The reactor has been operated using three-phase power on more than 30 occasions with these runs generally lasting between 7 and 15 hr. The operating temperatures were somewhat higher than in previous runs (Beeson, et al., 1970) and were in the range from 1600 to 2000°F. The steam flow rate during most of the runs had a value between 5 and 12 lbjhr. The reactor was operated continuously in all but two of the runs with char feed rates between 3 and 12 lb jhr being used. A number of typical runs are summarized in Table II . Runs 2-44, 2-46, and 2-47 were made with Colstrip char, while Bear char was used in the rest of the runs.
Results from one of these runs, run 2-57, are shown in 1.5-in. diameter silicon carbide electrodes supplied power to the reactor.
The reactor temperature during run 2-57 is shown in Figure 3 . The operating procedure used during the threephase runs was similar to that used previously in the single-phase case. The reactor was preheated by passing current through the static bed until the temperature reached about 700°F. In run 2-57 gasification was started using one Figure 5. Off-gas composition during run 2-57.
electrode and a single phase of power, with all three phases of power being supplied to the reactor after 3 hr of operation. The bed temperature reached 1700°F after 5 hr and remained fairly constant for the next 10 hr, at which time the run was terminated. Solids withdrawal was begun after 3.5 hr of operation, and 3.7 lb of char was removed from the bed within 30 min. Mter that, only small amounts of solids overflow occurred and the overflow tube later was found to be plugged. However, carbon conversion appeared to nearly match carbon feed rate and the amount of carbon in the bed increased only slightly (Figure 4) .
The average off-gas rate on a water-free basis over the last 10 hr of the run was 5.2 ft 3 /min, with the gas averaging 57% hydrogen, 36% carbon monoxide, and 7% carbon dioxide during this same period ( Figure 5 ). This composition is what would be expected at 1700°F and steam conversions between 80 and 90% which was the conversion obtained during run 2-57 (Pulsifer and Wheelock, 1972) . During the constant temperature period of the run, the specific gasification rate was about 0.2 lb mol of carbon gasified/(hr lb mol of carbon in the bed).
Electrical data taken during the run are shown in Table  III . The three phases of electrical power were fairly well balanced throughout the run and the maximum power input was close to 16 kW.
The run was terminated after 15 hr of operation although the reactor was operating satisfactorily at the time. Examination of the electrodes after the run indicated that some slag had built-up on the electrodes although the coating was not as thick as that on the l-in. electrodes used in earlier runs (Figure 6 ).
The uncleaned electrodes from run 2-57 were put back into the reactor and the reactor was operated for an additional4 hr (run 2-58). Although no unusual difficulties were encountered during the start-up and operation of the system, the slag deposit on the electrodes increased and large, loose agglomerates of partially fused coal char were found attached to the electrodes when operation was terminated.
Discussion
Gasification Rate. The specific gasification and steam rates were calculated for those portions of runs where the bed temperature was constant and the material balances were in good agreement. Figure 7 shows calculated results at 1700°F, while data at 1900°F are reported in Figure 8 . Some of the data at 1700°F are from earlier runs (Beeson, et al., 1970) . these conditions. Power inputs greater than 15 kW have been achieved compared with the 6-8 kW which was the limit of the 300 V, single-phase power supply previously used. Current densities at the surface of the three center electrodes ranged from 0.25 to 0.5 A fin. 2 . This is somewhat smaller than the 1 to 3 A f in. 2 used in the 4-in. diameter reactor (Pulsifer, et al., 1969) , or the 3 to 4 A f in. 2 used by the Institute of Gas Technology (Kavlick, et al., 1970) . The three phases of power have been fairly weU balanced in most runs with the current flow through each phase usually becoming more equal as a run progresses. The variations in current flow between any two phases generally has been 25% or less with this difference perhaps due to uneven fluidization of the bed or misalignment of the electrodes. On occasion the phases have been badly unbalanced with the current flow in one phase being as much as twice that in the others. This seemed to occur when one region of the bed was very poorly fluidized. In several runs the power leads to the electrodes were passed through a current transformer which generated a signal that was displayed on an oscilloscope. The signal was examined for the presence of harmonic voltages, and also to determine if the power supply was unbalanced.
Harmonics would arise from the capacitive effects in the system. A photograph of a typical test signal is shown in Figure  9 . At the time of this observation the line currents were 30-35 A and the line-to-ground voltage was 180 V. Examination of this signal indicates that the third harmonic was the only one present and its magnitude was only about 2.5% of the single-phase current. Therefore, the phases are in balance and the fluidized bed is primarily a resistive load.
As an additional check, the line currents in each phase were calculated for several runs from the power input measured by the wattmeter and the line-to-ground voltage. These were compared to the line currents measured by ammeters in the circuit and the two currents were found to be approximately the same. Again, this indicates that the line currents were nearly in phase with the line voltages and the fluidized bed acted as a resistive load.
lnterelectrode Resistance. The reactor system consists of a delta connected load superimposed on a wye connected load, where the loads in the delta connected system are the interelectrode resistances and for the wye connected system are the electrode to ground resistances. By making a wye-delta or delta-wye transformation, the load diagram can be reduced to either a wye or delta connected load and an equivalent impedance calculated. These impedances were generally in the range of 10-20 ohms.
These resistances are not of great use in predicting the behavior of other systems because of the complicated nature of the interelectrode resistance in an electrofluid reactor. The total resistance of a fluidized bed appears to be a combination of bed resistance and contact resistance between the electrodes and the bed. Knowlton, et al. (1973) , developed a method for predicting fluidized bed resistance using electrical field theory. This method is applicable to axially symmetric, cylindrical systems if the resistivity of the fluidized bed is uniform and constant.
Knowlton's method was used to estimate the bed resistance in the 4-in. diameter batch reactor (Pulsifer, et al., 1969) and in several of the earlier runs reported by Beeson, et al. (1970) , where a single center electrode was used. In making the estimates a fluidized bed resistivity of 30 ohm in. was used. This value is consistent with the Smith (1972) who measured the fluidized bed resistivity of several FMC coal chars at 1500°F and reported values of 30 ohm in. or less. The bed resistance estimated by the field theory method is shown in column 4 of Table IV, while column 3 shows the interelectrode resistance measured during the run. Assuming that the difference between the measured (total) resistance and estimated (bed) resistance was due to contact resistance, the data in Table IV indicate that a large part of the interelectrode resistance was due to contact resistance. Recent measurements made at Iowa State University in a fluidized bed operated at room temperature indicate that the contact resistance may indeed b e large depending upon the material from which the electrode is constructed.
Electrodes. Most of the recent runs in the continuous electrofluid reactor have been made using cold end stock from Norton Hot Rod resistance heating elements. These are low resistance silicon carbide rods and have withstood the reaction environment and any localized overheating without damage. Several other purer grades of silicon carbide also have been tested, but the conductivity of these materials was too low. Steel electrodes have been used on several occasions, but their operating life was short since they tend to melt near the electrode tip.
Buildup of slag on the electrodes remains a problem. Except for runs made in the batch reactor with a low ash char (Pulsifer, et al., 1969) and in the continuous reactor with an oversized electrode (Beeson, et al., 1970) , slag has tended to form on the electrodes tips in varying amounts during the operation of the reactor. At times this has increased the interelectrode resistance to the point where the reactor temperature could not be maintained constant and the run was terminated.
The coated electrode surface has been examined using a scanning electron microscope. The slag was found to be glassy in appearance. The chemical composition of the coating also was determined using a microprobe technique. The coating consisted of calcium, aluminum, magnesium, and silicon oxides. Both these examinations indicate that the slag was essentially coal ash. Any ash softening or melting would be expected to occur near the electrode tip since the current density and, therefore, the temperature are higher there (Knowlton, et al., 1973) . Any contact resistance at the center electrode would increase the power dissipation in this region and make the problem worse.
Several methods of eliminating slag formation on the center electrodes have been tested with only very limited success. As noted when discussing run 2-57, less slag was formed on larger diameter electrodes. The current density at the surface of an electrode decreases as the size increases, so this effect is expected. However, slag formation was not eliminated.
In several runs, 2-53 and 2-54, the electrode immersion in the fluidized bed was increased from 10 to 15 in., the limit in the present reactor. Despite the increased immersion, the interelectrode resistance increased during these runs and the electrodes became covered with slag.
In runs 2-60 through 2-64, nonconducting shields of various shapes were placed in the reactor in an attempt to modify the electrical field so as to reduce the current density in the vicinity of the center electrode and hence prevent overheating. In some cases the lower portion of the outer wall was covered while in others a baffle was placed between the tips of the center electrodes. Slag still formed on the electrodes and the shields were removed as they seemed to hinder fluidization.
The stainless steel electrodes used in runs 2-64 and 2-65, which were manufactured from pipe, were cooled by circulating air through the inside of the electrodes. However, formation of slag was still a problem.
Illinois No. 6 coal char was used in runs 2-71 and 2-72 to determine if the slag formation was associated with the use of Bear char. The maximum temperature in run 2-71 was 1200°F while in 2-72 it was 1500°F. A slag coating formed on the electrodes in both runs.
Conclusions
Operation of the 12-in. diameter continuous reactor with three-phase power has been demonstrated. The steam conversions and gasification rates remained adequate while operating at atmospheric pressure and temperatures in the range from 1600 to 2000°F.
Operation of the reactor generally has been smooth with no serious difficulty in controlling electrical power. The biggest problems remain in the areas of electrodes. Silicon carbide electrodes appear promising for gasifying carbon with steam. However, since economical large-scale applications of the electrofluid reactor under high pressure require the development of long-life electrodes, more work needs to be done in these areas. Also, with a better understanding of the electrical characteristics of fluidized beds, it may be possible to design the electrode system so that slag formation and overheating are not problems.
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